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THE POTENTIAL FOR PULMONARY HEAT INJURY RESULTING
FROM THE ACTIVATION OF A CABIN WATER SPRAY SYSTEM
TO FIGHT AIRCRAFT CABIN FIRES

I. INTRCDUCTION

Fire represents one of the most carastrophic events
to which an organism can be subjected. Injury and
death from fire can occur due to the incineration of
tissuz and also by the incapacitating bypreducts of the
fire environment. The odds of fire injurv are increased
when individuals are trzpped within an enclosed space.
such as an aircraft cabin. Testimony to this problem
aboard aircraft is the Manchester incidenr of 1982 in
which 532 people lost their lives due 1o inhalution
injury. Efforts continue to develop safery systems
which would minimize passenger deaths and injury
resulting from aircraft fires. To date, no acceptable
solution has been obtained. One suggestion has been
to install some rype of cabin water spray system
(CW5S) in passenger zircraft which can slow the
spread of fire. thereby allowing a greater amount of
time for passenger evacuation. Due to the cost and
complexity of such systems, implementation must be
carefully evaluared.

One consideration of CWSS development is irs
impact on the fire environment. The use of a CWSS
might result in the preduction of steam. Steam may
have untoward effects on individuals in the area in
which the CWSS was activated, thereby preventing
any net benefits on passenger survival. The primary
purposes of this paper are to examine the likelhood of
1) the water released from 2 CWSS being vaporized to
some cxrent and <ausing injury o the respiratory
trace. and 2} che impacr of temgperature changes in the
environment dus t¢ such vaporization increasing the
risk of thermal injury. Some of this znalysis will be
based on experimental and dlinical studies dealing
with thermal injury and some of it on theorerical
calculations of h=ar content within the cabin cnvison-
menrt in which & CWSS i< heat activared.

II. MECHANISMS OF PULMONARY
INJURY DUE TO FIRE

Clinically, there are three categories of burn injur
{13 smoke inhalation, (2} cuianeous burn withour
smoke inhalarion and {3} z combinarion of 1 & 2 {191,
Puimonary damage due 1o smoke inhalation 2nd car-
bon monoxide intoxicarion is thought to be the lead-
ing cause of death in fire viciims. Of 12.000 anneal
deaths in the United Starss due 1o fire, 50 ta 60 per
cent ate secondary o inhalarien injury (29;. Careful
study of smoke inhalation and the recogrition of irs
existence did not begin until after the Cocorus Grove
atght club fire which occurred in Massachusetts in
1942, Thirey-six of the 39 individuals that susvived
transport ta the hospital evenrually died of pulmanary
injury rather than cutaneous burns {21. Concern over
this and other fire refated catastrophes developed into
a significant interest in burn injury during the carly
1940s. Investigation of the mechanisms of pulme-
nary njury. pathophysioclogical characteristics of the
thermally injured respiratory tract. and optimization
ofdizgnustic and ticatment protocols has received world-
wide investigarive attention in the ensuing decades.

A fire represents a variety of chemical reactions,
#ach of which contribures different groups of poten-
tally injurious substances 1o the breathable atmo-
sphere {28). The narure and amount of these
combustien products are derwermined by the marerial
being burned, the amount of oxygen rhar is availzble
at different times during the conflagration, and the
temperatures atrained {18). Because of the fire

S

environment s greas complexiny (237 ir i« difficult 1o

make & definitive quantitative assessment of those

components of the fire armosphere mosr respansible

for inhalation injury. Direct iniury of the respiratory
1

5 ] H
svstem nav be preduced by both the hear contenr and
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Factor Unfavarable

Favorable

Place burn occurs
automonile)

tnclosed (room, buiiding,

Open

Anatomical location of burns
imouth,
nasal hairs)

"Respiratory area” involved
pharynx,

"Respiratory area” spared
nase,

Type of burn lame Liquid. chemical, irradiation
Heavy smoke; products of Present Ahsent

incomplete combustion

Steam; high humidity Present Absent

Table 1. Factors influencing the incidence and severity of respiratory burns (23).

the chemical characterisrics of the gases and particu-
late macrer inhaled. Inhaladon injury resulting from
fire is found most often with 2 combinarion of three
conditions: {1} a closed-space accident. {2 the pres-
ence cfheavy smoke. and {3} a histery of unconscious-
ness {201, Tzble
conditions influencing the development of inhalztion

lists favorable and unfavorable
irjury. Note that many of the factors thar favor the
development of the njury could be expeeted to be
present during an aircraft cabin fire.

Victimns of conflagrations frequently sustain morc
severe life threatening pulmonary injuries than tha
burps recrived on the surface of the bedy. Wound
sepsis was once the primary cause of death in burn
patiznts. Since woend sepsis can now be conirolled,
respiratory complications of ichalation injury and
pulmorary sepsis are carrently = major cause ofuehu.

The

incidence of significant pulmonary injury has bccn esti-

in patients with hody surface burns (11,

mated to be berween 1% and 22 percent in burn patiens
PO,
:-.pproxnm:.-.‘d}' one-third of all major burn

£

aticns {1, 26} with inhalation injuries occurting in
sfity

Upper zirway and lung inhzlaiion injuries are usa-
iztion

2y secondary to inhal of gaszous of particuizte

produvts of incompicte combustion and raeely are due

1o hezr unless steam has besn inhaled. In some in-

SIRnCCs. :espir:-,m-v tract dam*ge is confined wo the

apper zir passages with Hinde or ro damage to the

Il

fungs. It should also be noted thart dezth from inhaja-
ton injury can occur without thermal wounds. How-
ever, respiratory iract damage is often more severe in
burned than in nonburned patients for 2 given degree
of smoke inhalation. Death from inhalation injury i
partcelarly commen during the early postburn pe-
riod {9, 19). The role dhat thermoal, gascous and particu-
late matter may play in the development of respiratory
damage from fire cxposure It sresented below,
Thermal Injury

The definiriv experimental study addressing the
guestion of mechanism of thermal injury o the respi-

ratory racr during a fire was pablished in 1245 {18

(oW

In this wsperiment. dogs inhaled hot air 350°C zn
500°C

stearmn rﬁui edin thermal injusy atchele

. flame from ¢ burner. and Lve sieam, Dn ivth

(]

velofthelung

parenchyma, The difference Serween the hos zir and

steam treatments were arributed to the low heot-
rrving capacity of air coupled with the efficient heu

tion of the upper airway. Based on these ohser-
g, the true thermal infuiv w the lower respira-
seubstantiated

alanian Hgnrr

tory tract should he refativelv raza. T hici
cinteally by dhe Ub‘:!\'ltion rhar inh
below

uacaimimon k"{'lﬂS(‘\'_‘lli'_’:’:C( Cl'i 1[:;";’1‘1;:i Trauina. oloer-

the level of the vozal cords 10 2 relatihvole

ring i <5% of el barn petieres 15, 22, 25% Hawever.

Thermal Injury To the TespiIalon 1l iy Inooranl.
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The unique problems of respiratory tract damage
resulting from thermal iniurv have been recognized
throughout the world {14, 27, 30). It has been sug-
gested that classification ofpulmonary burns be based
on etiology and sevenry of injury (4) instead of the
time of clinical onser of respiratory diseress, anaromy.

or burn etiology.

Particulate Injury

Excepr for the rare instance of steam inhalation,
direct thermal burns to the respiratory tract below the
leve] of the larvnx do not occur in patients (3, 6, 22,
24). Theclinical “respiratory burn” isactually achemi-
cal burn, induced by inhalazion of suspended particles
{smoke) and the rovic products of incamplete com-
bustion (3, 8. This type of 1n,ury is 3 major compli-
catinn of fire accidente. Chemical burn of the airwavs

occurs upon inhaling the incomplete products of

combustion causing surface danwge to the lannx.
proximal znd distal airwavs and the Jung parenchyma
{13). The noxious constiruents of smoke are believed
to stimulate irfitant receptors producing broncho-
constriction cnd to cause chemical injury 1o the air-
way mucosz and the alveolar-capillary membrane,
thereby
tien and impact of gases and other Gire byproducts
upon physiological funcrion is extensively reviewed
elsewhe.e (16, 25}, The probabiliny of re

tracr injury fesulting from inhalzrion of nox:ous gases

producing pulmonan edema. The interac-

spiratory

and chemizcals is much greacer than chermal dimage
cecurring from cxposure cither to hor air saturared
with water vapor or live steam produced by the vapor-
ization of droplets, which could result fronr use of a

CWSS. Some of the morphological changes that could

be expecred from thistypeinjury zre presented below,
}

Iil. PATHOPHYSIOLOGICAL
RESPONSE TO THERMAL INJURY
Experimentally, evaluztion of thermal inhalation
injury in cogs has shown thar inhalzrion of hor air
(350 and 500° tracheicis of the

upper trachez without injury to the lower trachea.

Ci causes 2 thermal

inhalation of steam causes thermai injury cwcff'ndmg
from the trzcheato the lung parenchyma (18} Severad
breaths of steam delivered into the pharvax ar 2

wem oy

WMperatyic o
within a few hours ahat the an;ma}s die ofobstrucnve
asphyxia. Steam produces an immediate pulmonary
edemz in isolated lung lobes and the fluid transuda-
tion reaches irs peak within half-an-hour after the
inhalation {31). The ulcerations and rapid onset of
edema formation observed in these studies isaffirmed
by clinical observarions of inhalation injury.

[nhalation injury has been 2natomically divided
into three levels: 1) upper airway injury {burn damage
limited to the larynx and vocal cords); 2y majorairway
injury {burn damage 1involving the tracheobmmma;
trec} and 3! pareachymal injury (burn dainage involv-
ing the terminal bronchi and alveolar spacel (211
Although the mucous membrans of the entire respira-
tory fzact is potentialiy c.nceprxh e ro damage, the
infraglottic airvway is often spared or Injured o alesser
degree than the supraglottic airway bycause the vocal
cords reptesent an apatomic barrier 1o the passage of
heat into the rrachea (13). This facror conuributes o
the relative rarity of true hear iphalation injury.

Functienal and anatomical changes resulting from
therma! injury to the respirarory tract have been weli
documented (7, 10}. Hear energy praduces immedi-
ate injury 1o the mucosz of the airway and pulmonary
parenchyma. There is a rapid loss of fluid volume
from thevascular space and concomitant expansion of
the interstitial space {edemaj immedi
injury. The mucosa develops severe edema, hemor-
thage, and ulceration soon afier eaposure to hot steam.

arely following

‘T'he parenchyma exhibics marginal emphysema and
congestion, leading co acuse pulmonary cdema. Ldema
formation and congestian occurs more rapidly in
ream inhalation injury than in inhalation injaries

eroduced by chemical agents (26). The tracheai lumen

accunulates epithelial cells. whize bload cells, and mu-
cus, followed by the developmerrt of 2 purulcnt and
necrotizing broncho-pneumonia within 3 1o 4 davs.
Ti\ru: major phases of respiratory injury induced
by steam burnshave beendefined {21}, The first phasce
m'irh;n the fisst hour} s identifted by cozgulation
tecrosis and zn carly reactive stage with edemain the
tracheohronchial tree and early pulmonary parenchy-
maledema During the second phase (upro 24 honrsd
thore is 2 sceond

Jagur.
EacTiv

age with development of

interstitial and perivas :ui vdema, further sloughing
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of mucosa, atclectasis. and hemorthagic consolida-
tion. Laryngeal edema and laryngospasm leading to
extrinsic obsrruction of the swollen tissues around the
vocal cords often accurs within the first 24 hours (11).
The third. or infection, phase {> 24 houss), is indi-
cated by the development of bronchopneumonia be-
hind respirarory tract obstruction secondary 1o
mechanical or funcrional block. Necrorizing
wracheobronchitis also oecurs in this phase.

IV, INJURY AND INCAPACITATION
DUE TO ENHANCED HEAT
CONTENT OF THE ENVIRONMENT

In assessing the roxiciny of combustion producrs in
fires, Purser {6} lists hear stroke, body surface burns,
and respiratory tract burns as ways in whick heat may
lead to incapacitation and death in fire victims. The
mechanisms and resules of respiratory wract burns are
discussed in Sections II and 11 ebove. With regard to
CWSS acrivation. it is assumed that most individuals
zre evacuating and/or removed from areas in which
the flames could result in direct injury. Theretore,
porential body surface or respisatory tracs burns would
have to result from increased heat content of the
envirenment. Based upon both dinscal and experi-
mental reszarch observations, the oaly way in which
Eerarcontentcould have asignificant impaciis through
the spray of the CWSS being converred to steam or the
Leated air of the fire environment becoming saturazed
with this spray. What is the threat of thermal injury
resulting from thic scenario?

[P R PR T R .+
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CWSS s hea:
may be characteristically different. Prediction of po-
tenttizl water spray transformations is difficult. How-
ever, within the context of thermal injury, some basic
assumptions must be made. Full scale fire testing
indicates that the presence of a CWSS lowers the rate
of temperature increase under a variery of spray dis-
charge configurations (17). Withour water spray, czbin
wmperature underwent a drastic 1ise starting at ap-
proximately 90 seconds with temperarure values of
approximately 275°F being obtained at test tenmina-
ton time of five minutes. The current hypothesis
holds that optimal CWSS performance requires the
use of a zoned svstem in which water is discharged
when air temperatures reach 300°F in a given rone
1313, Based onthisinformation, 2 temperature level of
300°F serms reasonable for use in calculations. For
the entire activarion and discharge period, 2 system
using between eight and 20 gallons of water i under
censideration. Since one goal to be engineered inte
the final dssign of the CWSS is ta minimize the
volume of witer necessary for effeciive operarion, a
volume of wen gallons will be used for estimation.
Cabin volume is estimazed 1o be 7300 fr* {Figure 1)

The worst case scenario isthar the entirz ten gallons
of warer would be inmediaicly converted to sieam
while an individuz! was locared within the area of the
steam cloud. I the iniual temperature of the water in
the CSS was 75°F and the entire 10 gallons in the
svstem were converted wo steam at 120°F, -24,000
kcal would be required. If this heat were supplied by
dry air at 300°F. -10.000 {1° of air would be reguired.

10C fe

Figure 1.

Dimensions used for calculating cabin volume. A bisected cylinder and

rectangufar shapes were used for volume estimates.
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Temperature (°F) Temperature kcal/min

i (°Ch

f
122 50 1.233 87.42
140 60 1.583 110.49 i
58 . 70 2.091 145.94

)

176 80 2.973 207.44 ”
194 90 4514 315.09 i

Table 2. Total heat delivery te the lungs from breathing water vapor saturafed air at various

temperatures.

However, hased or cabin dimensions given above,
only 79 fi” of air would be present at the hot-zir/warter-

spray
heat 1o convert -0.076 gallons of water to steam

s interface. This volume cf air contains enough
which represents a volume of 0.84 ft*. Therefore. it
appears that the immediate formation of & significant
steam cloud is unlikely.

The more likely occerrence would be thar as the
warer is discharged from the system, it saturates the
heared air and this hor zir and water vapor mixture
diffuses "downstream ™ of the fire. This mixture pre-
sents aconsiderable chrearof thermal infury due o che
high hezr conten: of water vapor and the powential
condensation of this vaper in the lung. Table 2 lists
the total hear content of water sarurared air 1n keal/
min and warts based on a ventilatory rate of 10 Vmin.

The heat delivered 1o the lung from inhaling dry or
moist air of any temperature is found by subtracting
the heat present in the ventilation volume from the
heat contained in the alr mixture of interest, From the
inhaled air mixture temperature, the mean specific
heat for beth the water and air components can be
determined. The density and paruial pressure of sach
component must atso be known. From these values
the heat per unit velume for cach component in the
mixture can be calculated. 1f a saturazed water vapor
mixture wers inhaled 2t a temperarere ahove 98.6°F,
the heat of condensation of the water saturated ais
must be considersd. The heat of condensation rwpre-
senzs the majoriny of hezt delnered by 2 water satu-

rated air mixoure

Eigure 2 illustrates the quantity of heat that would
be delivered 1o the Jungs baced on a ventilatory rate of
10 i/min. As can be seen from the graph, an ncreas-
ingly larger percentage of heat comes frem the con-
densation of water vapor within the lung as the
temperatute increases. Experiments studying the sm-
pact of inhalation of hot water vapor saturared air
have not been done, The expected response ta this
tvpe of exposure would be reflex closure of the glotis
which is the typical response o hot air {13}, There-
fore, significant damage in the arcas of gas exchange
would probably nor occur. Of course, damage to the
skin, pasal passages and airways above the level of the
glottis may occur. The extent to which this happens
would he dicrared by the combination of temperarure
and exposure time. Powentially, exposure time would
be correlared with the valume of sarurared ais present.
This is particularly rrue if individuals are delayed in
evacuating the aircraft cabin. What is the volume thar
poscs this threat if 10 galions of water ate used w
produce satufated air at the temperatures listed in
‘T able 2¢

Figure 3 presents an analvsis for 10 gallons of warer

being used 1o create a sarurared volume of air ar the

tea.peratire bsted in Table 20 T i assemed that the

satvrared alr mixture rakes the form otz {‘Hi?fted cone

as 1t moves away from the cp*a_‘,‘ area along the ceiling

craft cabin. As one would vxpect. the lower

of the atr

temperature saturated air s fess of a threat. Thisisdue
1

t0: 11 ¢ lower heat capacirv, and 2} a reduced volume

due ro a lower densitv. as can be seen in Digures 2 and

ADA 955
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25 37 50 60 70 80 80
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3, respectively. As temperatures increase, the chreatof
thermal injury becomes more pronounced. If some-
one were (rapped in a saturated air znvironment at
above 70°C for more than a few scconds, it is very
bikely that serious injury or death would occur. How-
ever, 1t should be noted that the volume of the highest
temperature saturated air represents only 7.6% of the
total cabin volume. Furthermore. if the assumpiion

that the high hear area is disuributed along the 1op of

the cabin s depicwed im Figare 3, muach of dhe high
heat exposure could bz avoided by crouchingor crawl-

ing near the floor during evacuation.
CONCLUSIONS

Based on the worst case analysis presenzed above,
the risk due to increzsed latent heat in the environ-
ment resulting from activazion of a CWAS iz relarivelr
small. Although 2 potential hazard from steam and
hot water vapor sarurated air does exist, exposure
these conditions for more than 2 sscond or two is
highly uniikely and could thearerically be avoided by
maintaining the correct postuce and quickly evacuar-
ing the wircraft. It should he noted thar it the WSS
wers not present, the heat content of the epvironment
would be significantly higher. The water of the spray
is absorbing hear whidhs ts. in ossence, what produces
a significantly lower rate of remperazure rise in the
cabin when 2 CWSS is activated 730). The {2

refatively small.

crthata
potentially hazardous thermal emvi-
ror:ment may be produced sezms inconsequential in
comparison o an uncentrotled fire environment
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